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PolyploidContact zones of different cytotypes provide an opportunity to address evolutionarymechanisms underlying the
origin, establishment andmaintenance of karyological diversity at intraspeciﬁc level.We explored the ﬁne-scale
distribution of ploidy levels of Oxalis obtusa in seven mixed-ploidy sites in the Western and Northern Cape
Provinces, South Africa, and searched for potential isolating barriers promoting assortative mating. Five different
ploidy levels (2x, 3x, 4x, 6x and 8x) were detected among 336 samples collected at 112 microsites. The studied
sites were inhabited by two (2 sites), three (4 sites) or even all ﬁve (1 site) different cytotypes. Despite their
sympatric growth, different ploidies show some spatio-ecological segregation. The greatest differences among
microsites hosting different cytotypes were found in precipitation parameters. There is a clear altitudinal gradi-
ent in ploidy composition in the most ploidy-variable site, Pakhuis Pass. Our results show that a combination of
niche partitioning and clumping of same-ploidy individuals due to vegetative reproduction seems to be efﬁcient
reproductive barriers, which limit inter-ploidy gene ﬂow in the zones of ploidy contact and contribute to the
long-term maintenance of cytotype mixtures in O. obtusa.
© 2013 SAAB. Published by Elsevier B.V. All rights reserved.1. Introduction
Polyploidy is a major evolutionary process in eukaryotes, particular-
ly in angiosperms, where several ancient and recent whole-genome
duplication events have been detected (Coghlan et al., 2005; Soltis
et al., 2009). Polyploids often differ from their diploid counterparts in
a number of molecular, morphological, physiological and ecological
characteristics, including quantitative plant traits, growth and develop-
mental rates, ﬂowering phenology, proportion of sexual to vegetative
reproduction, and genetic make-up (Comai, 2005; Hegarty and
Hiscock, 2007; Otto, 2007). These modiﬁcations often enable the poly-
ploids to occupy different ecological niches or a wider range of habitats,
resulting in ecological displacement and spatial segregation between
diploids and polyploids (Schönswetter et al., 2007; Sonnleitner et al.,
2010; Husband et al., 2013).
Although different cytotypes can be recognized as separate taxa
(Suda et al., 2007), the concept of intraspeciﬁc ploidy variation has
becomewidely adopted in recent years, particularly in autopolyploidsty of Science, Charles University
lic. Tel.: +420 221 951 640;
by Elsevier B.V. All rights reserved(Husband et al., 2013). The overall frequency of angiosperm species
with multiple ploidy races is difﬁcult to estimate, because the vast
majority has not been subjected to detailed karyological investigation
and only a few chromosomal counts per species are usually available.
Based on a broad survey of species, Wood et al. (2009) assumed that
12–13% of angiosperm species and 17% of fern species are ploidy-
variable. These frequencies are likely to be underestimated, with intra-
speciﬁc ploidy heterogeneity likely to increase with more intensive
sampling. Indeed, representative samplings made possible with the
aid of ﬂow cytometry have resulted in a dramatic increase in the
number of species known to be ploidy-heterogeneous, as well as in
the number of different cytotypes recognized within a species (Kron
et al., 2007). Currently, angiosperm species with up to eight different
euploid cytotypes are known (Sonnleitner et al., 2010). The pattern of
ploidy distribution in situ reﬂects, among others, ecological preferences
of different cytotypes, their dispersal abilities and the dynamics of
genome duplication (Petit et al., 1999; Husband et al., 2013). When
polyploids ﬁrst arise, they by necessity occur in sympatry with their
diploid/lower-polyploid progenitors. Subsequent cytotype expansion
or retreat can result in parapatric (i.e. a spatial arrangement where
the boundary of one cytotype abuts against that of another with little
overlap) or even allopatric (i.e. mutually exclusive) distributions. The
observed distributional pattern also depends on the scale at which the.
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may, for instance, indicate sympatry, a detailed investigation at
microsite scale can reveal ecological segregation of different cytotypes
(Kolář et al., 2009). True cytotype mixtures are either of temporary
nature, with one ploidy being ﬁnally outcompeted (i.e. the minority
cytotype exclusion principle; Levin, 1975) or persist long-term when
inter-ploidy prezygotic or postzygotic reproductive barriers evolve
(Husband and Sabara, 2004). Contact zones can either develop as a
‘mosaic zone’, with different cytotypes patchily distributed along
different ecological environments, or as a monotonic cline caused by
density-dependent rates of gene ﬂow forming a ‘tension zone’ (Petit
et al., 1999). In contrast to the localized mosaic zones, tension zones
are not maintained by the response to local environmental conditions
and are therefore to some extent mobile (Petit et al., 1999). Most
contact zones are formed by two cytotypes, although recent years
have seen the discovery of much more complex population structures,
involving up to ﬁve different cytotypes (Trávníček et al., 2011).
Currently, Oxalis obtusa Jacq. is the most ploidy variable species
known to be native to the Greater Cape Floristic Region (GCFR) of
South Africa (Krejčíková et al., 2013). This phenotypically distinct
species is common in the Western and Northern Cape Provinces,
from which it extends to the Eastern Cape Province and southern
Namibia (Dreyer and Makgakga, 2003). O. obtusa inhabits sites with
different abiotic conditions and large altitudinal range. Krejčíková
et al. (2013) found three majority (2x, 4x, 6x) and three minority
(3x, 5x, 8x) in situ cytotypes in this species, with cytotype distribution
correlating signiﬁcantly with vegetation type. Whereas the most wide-
spread hexaploids dominated in Fynbos vegetation, tetraploids mostly
occurred in Succulent Karoo vegetation. In addition to single-cytotype
sites, ca. 5% of cytotyped populations were ploidy-mixed and different
cytotypes were sometimes recorded in localities less than 3 km apart.
Our previous work (Krejčíková et al., 2013) addressed ploidy
distribution of this species at a large spatial scale, covering nearly the
entire distribution range of O. obtusa. To gain further insight into the
ploidy structure and potential ecological sorting of different cytotypes
at a local scale, we selected seven sites with mixed-ploidy populations,
odd ploidy levels or different cytotypes growing in close proximity. We
subjected these sites to a detailed ploidy screening, in order to answer
the following questions: (i)What is the pattern of cytotype distribution
in the zones of ploidy contact? (ii) How frequent are odd ploidy levels
that indicate inter-cytotype mating? and (iii) Does ploidy distribution
at the local scale reﬂect abiotic conditions at these microsites?
2. Material and methods
2.1. Field sampling
The plants were collected at seven sites (=localities), four in the
Western Cape Province and three in the Northern Cape Province,
respectively (Fig. 1). The sites were selected based on the following
criteria: (i) the abundance of O. obtusa and (ii) the shared presence
of different cytotypes in close proximity (i.e. only a few kilometers
apart) or physically intermixed and sympatric, based on our previous
results (Krejčíková et al., 2013). A linear transect (along the road) was
established at ﬁve sites, while sampling across an area was performed
at two additional sites (Table 1). All but one (Silwerstroomstrand) line-
ar transects were laid out through mountain passes with steep ecolog-
ical gradients and a wide range in altitudes (340–740 m). Whenever
possible and depending on the site, sampling points (=microsites)
were spaced approximately 0.5 km apart. If no O. obtusa was found at
that point, the nearest population was collected and the next sampling
point moved accordingly. Additional sampling was done at microsites
harboring individuals with distinct morphologies (e.g. giant/dwarf
morphotypes, unique ﬂower color, etc.). The number of microsite sam-
plings per locality varied from4 to 40, reﬂecting primarily the size of the
area under investigation (see the Supplementary data for micrositedetails). At each microsite, three individuals were collected in an
area of approximately 10 × 10 m. Whenever possible, different stylar
morphs (long-, middle- and short-styled) were chosen to avoid the
collection of genetically identical plants. Leaf tissue of all samples (336
in total) was silica-dried in the ﬁeld. In addition, bulbs from 93 popula-
tionswere collected and grown at the Experimental Garden of the Insti-
tute of Botany, Academy of Sciences of the Czech Republic in Průhonice
(50°00′N14°34′ E). Amonograph on SouthAfricanOxalis (Salter, 1944)
was used for species identiﬁcation. Herbarium vouchers are kept in the
herbarium of the Charles University in Prague (PRC); voucher numbers
correspond to sample numbers provided in the Supplementary data.
2.2. Flow cytometry
DNA ploidy levels were estimated using ﬂow cytometry according
to the methodology detailed in Krejčíková et al. (2013). Leaf tissue of
the analyzed sampleswas chopped together with the internal reference
standard (Glycine max ‘Polanka’, 2C = 2.50 pg; Doležel et al., 2007) in a
Petri-dish containing 0.5 ml of ice-cold Otto I buffer (0.1 M citric acid,
0.5% Tween 20; Otto, 1990). The crude suspension was ﬁltered through
a 42-μm nylon mesh and incubated for ca. 15 min at room temper-
ature. Isolated nuclei were stained with 1 ml of Otto II buffer (0.4 M
Na2HPO4·12 H2O) supplemented with 4′,6-diamidino-2-phenylindole
(DAPI) at a ﬁnal concentration of 4 μg ml−1 and β-mercaptoethanol
(2 μl ml−1). After a few minutes, the relative ﬂuorescence intensity of
at least 3000 particles was recorded using a Partec PA II ﬂow cytometer
(Partec GmbH, Münster, Germany) equipped with a mercury arc lamp
as UV light excitation source. Histograms were evaluated using Partec
FloMax software, ver. 2.4d. Up to threeOxalis plants from the same pop-
ulation were analyzed together; each plant was re-analyzed separately
if mixed-ploidy samples were found or if the quality of the histograms
was not sufﬁcient (i.e. coefﬁcient of variation of any peak above 5%).
2.3. Data analysis
Vegetation, climatic data and altitudinal data were extracted using
Arc GIS 10.1 (Esri, Redlands, CA, USA) from the Vegetation Map of
South Africa, Lesotho and Swaziland (Mucina and Rutherford, 2006),
the South African Atlas of Climatology and Agrohydrology (Schulze
et al., 2008) and the SRTM digital elevation model of South Africa.
In total, 41 variables related to soil (11 attributes), precipitation (29
attributes) and temperature (one attribute) were assessed (see the
Supplementary data). Climatic parameters with the largest differ-
ences among the sites harboring different even ploidies (i.e. 2x, 4x,
6x, 8x) were selected by canonical discriminant analysis using SAS
9.3 (SAS Institute, Cary, NC, USA). Canonical discriminant analysis is
a dimension-reduction technique that summarizes the between-
classes variation (Klecka, 1980; Lepš and Šmilauer, 2003). It derives
a linear combination of the variables (abiotic characteristics in our
particular case) that produces the greatest distance among the
a-priori deﬁned categories (different cytotypes in our case). To control
for possible spatial autocorrelation, we also included geographic
co-ordinates as independent variables to discriminant analyses. In addi-
tion to statistical tests of the entire dataset, a separate analysis was
performed for a transect across the Pakhuis Pass, which was the most
intensively sampled and most ploidy-variable site.
3. Results
Five different ploidy levels (2x, 3x, 4x, 6x and 8x) were detected
among 336 O. obtusa samples collected at 112 microsites from seven
localities (Table 2). While two different ploidy levels co-existed at two
localities in the Northern Cape Province (Ouberg Pass and the vicinity
of Nieuwoudtville), three sympatric cytotypes were encountered at
four other localities (Table 2). The most ploidy-complex site was the
Pakhuis Pass NE of Clanwilliam, where all ﬁve cytotypes co-occurred.
Fig. 1. The geographic position of the studied localities in the Greater Cape Floristic Region of South Africa: (A) Pakhuis Pass; (B) Matzikama; (C) Ouberg Pass; (D) Silwerstroomstrand;
(E) Nieuwoudtville; (F) Hantam; (G) Elandsberg.
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usually were more or less segregated spatially at ﬁner scales (Fig. 2). A
shift in ecological optima of individual cytotypes appears to explain
the observed segregation. The greatest differences among microsites
inhabited by different cytotypes were found in precipitation parame-
ters, including mean annual rainfall, rainfall concentration, median
precipitation during the winter months, etc. (Table 3). Geographic
co-ordinates had only little discrimination power (Table 3), indicatingTable 1
Geographic location, size of the investigated sites and previously recorded cytotypes of Oxa
Locality
(provincea)
Size of the
study area
Altitudinal rang
(m a.s.l.)
Hantam (NC) 13.5 km 1140–1600
Nieuwoudtville (NC) 14.5 × 8 km 540–800
Ouberg Pass (NC) 6.5 km 670–1400
Matzikama (WC) 7 km 240–580
Pakhuis Pass (WC) 37 km 160–900
Elandsberg (WC) 6 × 2.5 km 60–120
Silwerstroomstrand (WC) 2 km 30–40
a NC = Northern Cape, WC = Western Cape.that the cytotype structure was primarily shaped by ecological parame-
ters. Whereas ecological preferences of di- and tetraploids differed only
slightly, microsites of higher polyploids (6x, 8x) were, on average, more
segregated from their 2x/4x counterparts (Fig. 3A). Localities with
co-existing 2x and 4x individuals often showed higher levels of ploidy
intermingling (Ouberg Pass: Fig. 2C) than those inhabited by higher
cytotypes in addition to di- and/or tetraploids. For instance, tetraploids
clearly prevail on the Bokkeveld Plateau around Nieuwoudtville, whilelis obtusa (according to Krejčíková et al., 2013).
e Geographic
coordinates
Previously recorded
ploidy diversity
within/near the area
S31°19′51.1″–S31°23′00.9″ 4x, 6x
E19°46′53.2″–E19°52′09.4″
E19°01′03.2″–E19°08′38.0″ 4x, 6x
S31°16′44.8″–S31°26′40.6″
S32°24′15.8″–S32°24′36.0″ 2x, 4x
E20°18′09.4″–E20°21′25.0″
S31°44′43.1″–S31°47′05.1″ 2x, 5x
E18°45′35.4″–E18°46′59.2″
S32°04′06.3″–S32°09′02.4″ 2x, 4x, 8x
E18°54′02.8″–E19°08′34.1″
S33°25′19.4″–S33°28′11.4″ 2x, 3x, 8x
E19°01′24.3″–E19°02′59.7″
S33°34′30.9 ″–S33°35′17.8″ 3x, 6x
E18°22′08.7 ″–E18°22′33.0″
Table 2
Summary of ploidy composition detected at seven sites of Oxalis obtusa subjected to a
detailed ploidy screening.
Locality (provincea) No. of
populations
No. of
ploidies
Ploidy composition
2x 3x 4x 6x 8x Mixed
Hantam (NC) 10 3 1 1 7 1 (4x + 6x)
Nieuwoudtville (NC) 18 2 12 6
Ouberg Pass (NC) 11 2 5 6
Matzikama (WC) 8 3 2 5 1 (2x + 8x)
Pakhuis Pass (WC) 40 5 10 1 15 4 9 1 (2x + 6x)
Elandsberg (WC) 21 3 16 1 3 1 (2x + 8x)
Silwerstroomstrand
(WC)
4 3 1 1 2
a NC = Northern Cape, WC = Western Cape.
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north of the village (Fig. 2E). Similarly, diploids and tetraploids occur-
ring on the foothill of the Hantamsberg near Calvinia give way to hexa-
ploids at higher altitudes (Fig. 2F).
The spatio-ecological segregation is best seen in the Pakhuis Pass,
which was the most intensively researched site (Fig. 2A). The cytotype
composition changes gradually as one ascends from Clanwilliam to the
top of the pass. In general, diploids occur at lower altitudes (mean
altitude of sampled microsites ca. 375 m above sea level), tetraploids
at middle altitudes (mean ca. 580 m), while octoploids are restricted
to the summit of the pass (mean altitude ca. 730 m). In contrast to
other cytotypes, which grow in both Fynbos and Succulent Karoo vege-
tation, octoploids were only detected in Fynbos vegetation. Few hexa-
ploid populations also occur in the Pakhuis Pass, but their distribution
does not follow any consistent pattern. One microsite in a contact
zone of 2x and 4x cytotypes was inhabited by triploids. Discriminant
analysis revealed that cytotypedistribution across the Pakhuis Passmir-
rored mean annual temperatures and precipitations (Table 3).Fig. 2. Ploidy distribution of Oxalis obtusa in the seven studied localities: (A) Pakhuis
Pass; (B) Matzikama; (C) Ouberg Pass; (D) Silwerstroomstrand; (E) Nieuwoudtville;
(F) Hantam; (G) Elandsberg. Scale = 1 km.4. Discussion
The present study builds on our previous research (Krejčíková et al.,
2013), which detected high ploidy variation (6 different cytotypes) and
revealed some ecological sorting of different ploidy levels in O. obtusa at
a large spatial scale (across nearly the entire distribution range of the
species). Here we present a detailed investigation of cytotype distribu-
tion patterns in selected contact zones and examine whether the
inter-ploidy niche segregation also exists at local scales. Our study is
the ﬁrst to address questions of ploidy co-existence and inter-
cytotype ecological segregation in the Cape ﬂora.
We detected the co-existence of up to ﬁve different cytotypeswithin
a single (macro)site, indicating that substantial, but still largely
unrecognized, intrapopulation karyological diversity can exist in at
least some Cape plants. Potential karyological variation within popula-
tions is difﬁcult to reveal using conventional karyological techniques,
which usually analyze only one or a few individuals per population.
More representative insight into ploidy variation requires cytotyping
of large population samples across different spatial and temporal scales
and can bemost conveniently achievedwith the aid ofDNAﬂow cytom-
etry (Kron et al., 2007; Suda et al., 2007). The advent of ﬂow cytometry
to cytogeographic studies has dramatically reshaped our views on the
level of intraspeciﬁc and intrapopulation ploidy diversity in many
plant species from different ﬂoras (Husband et al., 2013). Although
the application of this high-throughput analytical tool in the Cape
ﬂora is still in its infancy, it is possible that routine use of ﬂow cytometry
will also reveal a much higher proportion of ploidy-variable plant
groups in this biodiversity hotspot than is currently assumed.
When several cytotypes occur within the same species, zones of
ploidy contact are usually formed. Contact zones provide unique
opportunities to address the role of different evolutionary mecha-
nisms involved in the origin, establishment and further fate of new
polyploid lineages (Petit et al., 1999). The co-existence of different
ploidy races may represent a transitional stage, with the rarer ploidy
ﬁnally outcompeted due to reproductive disadvantages caused by
the receipt of ploidy-incompatible pollen from the other, more com-
mon, cytotypes (Levin, 1975). However, there are several ways to
avoid mating with an improper sympatric partner, escape minority
cytotype exclusion and maintain long-term cytotype mixtures. Assor-
tative mating can be achieved, among others, by inter-ploidy pheno-
logical divergence, niche segregation, shifts in pollinator composition,
or increased levels of self-fertilization and/or vegetative propagation
(Husband and Sabara, 2004; Husband et al., 2013).
Our ﬁeld observations indicate little shift in ﬂowering phenology
between different cytotypes (only individuals with fully-developed
ﬂowers were collected and the incidence of more ploidies at each local-
ity indicates simultaneous ﬂowering). In contrast, ecological sorting
was apparent at several sites. The most pronounced ploidy segregation
in O. obtusawas recorded in sites with heterogeneous ecological condi-
tions (transects across mountains passes) that were inhabited by
high polyploids (6x and/or 8x) in addition to low-ploidy cytotypes
(2x and/or 4x). An illustrative example is the ploidy-diverse Pakhuis
Pass or the Hantamsberg where ploidy compositions change gradually
with increasing altitude (which was correlated with precipitation and
temperature parameters). Similar ﬁne-scale separation of cytotypes
along an altitudinal gradient has previously been recorded in the
European Alpine plant Senecio carniolicus (Willd.) Braun-Blanq.
(Schönswetter et al., 2007) or in Chamerion angustifolium (L.)
Holub in the US Rocky Mountains (Martin and Husband, in press).
Ecological sorting that reﬂected moisture parameters also seems to
exist in the ﬂatlands of Elandsberg. While diploids occur across this
private nature reserve, much less common octoploids were only
recorded along streams or in seeps. All these observations conﬁrm
our previous results (Krejčíková et al., 2013) that high polyploids
of O. obtusa usually require more humid conditions than their
low-ploidy counterparts.
Table 3
Relative contributions of individual abiotic variables to the ﬁrst (CAN1) and second (CAN2) canonical axes. Four groups representing even-ploidy cytotypes of Oxalis obtusa were
discriminated. Both canonical axes were highly signiﬁcant (P b 0.0001), with F-values of 3.90 and 2.60, respectively, when all localities were analyzed, while only the ﬁrst axis was
signiﬁcant for the Pakhuis Pass (P-values of 0.0046 and 0.2272, and F-values of 2.03 and 1.28 for CAN1 and CAN2, respectively). Ten canonical correlations with the highest absolute
loadings for each signiﬁcant axis are highlighted in bold type face (numbers in parentheses are ranks of the strength of the correlation of each variable with the canonical axes).
Variable All localities Pakhuis Pass
CAN1 CAN2 CAN1 CAN2
Latitude 0.223000 0.055662 0.260788 (9) 0.188821
Longitude −0.025365 −0.181880 −0.404181 (8) 0.129994
Elevation 0.141869 0.098438 −0.754129 (2) −0.397712
Mean annual temperature 0.041304 −0.454047 (1) 0.834187 (1) 0.361609
Mean annual rainfall −0.378581 (1) 0.422472 (2) −0.700423 (3) −0.472757
Median precipitation I −0.176836 −0.231681 0.229771 −0.363679
Median precipitation II 0.037338 −0.155251 0.229771 −0.363679
Median precipitation III 0.125574 −0.127783 −0.234037 0.520156
Median precipitation IV −0.093794 −0.0520278 0.175202 −0.169564
Median precipitation V −0.078897 0.000931 −0.243472 0.465561
Median precipitation VI −0.155522 0.033870 −0.206306 0.528654
Median precipitation VII −0.117600 0.026485 −0.240363 0.504182
Median precipitation VIII −0.151306 0.013912 −0.243497 (10) 0.466895
Median precipitation IX −0.116353 −0.061358 0.229771 −0.363679
Median precipitation X −0.084421 −0.105962 −0.229771 0.363679
Median precipitation XI −0.099926 −0.151210 −0.229771 0.363679
Median precipitation XII −0.252925 (5) −0.136340 −0.063403 0.358071
Median annual precipitation −0.111762 −0.035755 −0.220474 0.530061
Coefﬁcient of variation of monthly rainfall I −0.110139 0.141338 0.229771 −0.363679
Coefﬁcient of variation of monthly rainfall II 0.319745 (4) 0.233173 (10) −0.229771 0.363679
Coefﬁcient of variation of monthly rainfall III −0.178498 0.252460 (8) 0.229771 −0.363679
Coefﬁcient of variation of monthly rainfall IV 0.246851 (7) 0.295649 (6) −0.229771 0.363679
Coefﬁcient of variation of monthly rainfall V 0.063971 0.188407 −0.229771 0.363679
Coefﬁcient of variation of monthly rainfall VI 0.344234 (2) 0.178454 −0.229771 0.363679
Coefﬁcient of variation of monthly rainfall VII 0.163157 0.022003 −0.229771 0.363679
Coefﬁcient of variation of monthly rainfall VIII 0.050748 0.275369 (7) −0.229771 0.363679
Coefﬁcient of variation of monthly rainfall IX 0.028438 0.233568 (9) −0.229771 0.363679
Coefﬁcient of variation of monthly rainfall X −0.000334 0.304838 (4) −0.229771 0.363679
Coefﬁcient of variation of monthly rainfall XI −0.217279 0.156883 −0.229771 0.363679
Coefﬁcient of variation of monthly rainfall XII 0.061540 0.000159 −0.230489 0.367146
Coefﬁcient of variation of annual rainfall 0.237185 (8) 0.143939 −0.225495 0.344121
Rainfall concentration −0.104039 0.299639 (5) −0.242101 0.441937
Thickness of the topsoil horizon −0.045541 0.124521 0.217780 0.415440
Thickness of the subsoil horizon −0.248098 (6) −0.120651 0.449545 (5) 0.269258
Permanent wilting point topsoil horizon −0.031315 0.089528 −0.190871 −0.403757
Permanent wilting point subsoil horizon 0.227361 (10) 0.041281 0.060666 0.396298
Field capacity (drained upper limit topsoil horizon) 0.007131 0.060683 −0.154861 −0.309910
Field capacity (drained upper limit subsoil horizon) 0.229558 (9) 0.028476 0.077807 0.406200
Soil water content at saturation topsoil horizon −0.065852 −0.150814 0.048650 0.476896
Soil water content at saturation subsoil horizon −0.327042 (3) −0.049435 −0.447783 (6) 0.398744
Drainage rate −0.195587 0.050953 −0.007666 −0.437860
Soil erodibility factor 0.127003 0.310759 (3) −0.475166 (4) −0.511361
Total proﬁle plant available water −0.161862 −0.099477 0.403798 (7) 0.252734
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the cytotyped samples, ﬂower color was usually unassociated with the
level of ploidy. Speciﬁcally, all ﬁve cytotypes in the Pakhuis had yellow
corollas and this color also dominated around the Nieuwoudtville
where 4x and 6x ploidies grew in sympatry. Similarly, both 2x and 4x
cytotypes in Ouberg Pass were orange-ﬂowered. In contrast, plants of
different colors were altitudinally segregated on the Hantamsberg
(yellow + orange on the foothill vs. pink on the summit). While the
yellow morphs were di- or tetraploid, their orange counterparts
were tetra- or hexaploid and all pink individuals were hexaploids.
However, more detailed sampling would be needed to fully address
the ploidy-ﬂower color association in O. obtusa and its possible role in
reproductive isolation of different cytotypes (De Jager et al., 2011).
The aggregation of plants of identical ploidy levels cannot always be
explained by environmental gradients and/or ecological patchiness. The
mosaic of single-cytotype areas may also be a consequence of environ-
mentally independent processes, such as the founder effect, associated
with asexual reproduction and/or limited dispersal abilities (Kolář
et al., 2009).O. obtusa freely propagates vegetatively bymeans of bulbils
and this reproductive strategy can facilitate the establishment ofminor-
ity cytotypes, support long-term ploidy coexistence and lead to distinct
distribution patterns.One caveat of our analyses is the possible non-independence of
population data due to (i) gene ﬂow, and (ii) shared common ancestry
between populations (Stone et al., 2011). We directly address the ﬁrst
point by showing that there is very little gene ﬂow between
sympatrically-occurring ploidy levels (i.e. very few odd-ploidy levels
in the seven analyzed localities). At larger scales, Oxalis generally
shows very low seed and pollen dispersal distances (Salter, 1944),
making gene ﬂow between localities dozens/hundreds of km apart
very unlikely. The second point ideally requires genetic data in order
to correct for the degree of shared ancestry between populations. We
were unable to incorporate such a genetic aspect to this study, both
due to methodological challenges with AFLP analyses and low
variation in cpDNA (our unpublished data). However, the overall
cytogeographic pattern in O. obtusa, including the very common inci-
dence of polyploidy, sympatry of different ploidy levels and disjunct
distribution of some polyploids (see Krejčíková et al., 2013), indicates
that polyploids at such disparate localities as those in our study most
likely have had multiple independent origins.
The available cytogeographic data (the present study and Krejčíková
et al., 2013) show that the zones of ploidy overlap inO. obtusa are broad
and cytotypemixtures can likely be found inmany parts of the distribu-
tion range of this species. Similar patterns (i.e. a sympatry of more than
Fig. 3. Canonical discriminant analysis of microsites inhabited by different even-ploidy
cytotypes of Oxalis obtusa: (A) the entire dataset (the ﬁrst and second axes explain
61.4% and 20.2% of the total variance, respectively); (B) the Pakhuis Pass (the ﬁrst
and second axes explain 66.2% and 23.2% of the total variance, respectively). See
Table 3 for relative contributions of original abiotic parameters to the canonical axes.
67J. Krejčíková et al. / South African Journal of Botany 88 (2013) 62–68one cytotype over extensive areas) have been reported in for example
Galax urceolata (Poir.) Brummitt (Burton and Husband, 1999), Solidago
altissima L. (Halverson et al., 2008) and the geophyteAlliumoleraceum L.
(Duchoslav et al., 2010). The current stage of investigation does not
allow us to distinguish whether contact zones in O. obtusa are mostly
primary (i.e. with polyploid cytotypes originating in situ) or secondary
(i.e. originating after the regain of contacts between once allopatric
cytotypes). Molecular markers are necessary to answer this question.
Although the present study speciﬁcally focused on contact zones
where inter-ploidy reproductive interactions can be expected, we
revealed only two microsites inhabited by odd-ploidy (3x) plants.
Together with our previous observations (Krejčíková et al., 2013),
these results indicate that gene ﬂow between different cytotypes of
O. obtusa is quite limited due to selective forces (e.g. the observed
ecological sorting on a microscale) or that hybrids are not viable or
have reduced viability. The overall frequency of odd-ploidy cytotypes
(3x, 5x) inO. obtusa is below 2%,which correspondswell to proportions
revealed in contact zones of other plant systems with spatio-
ecologically segregated cytotypes (Sonnleitner et al., 2010; Trávníček
et al., 2011).
To conclude, the high incidence of mixed-ploidy populations,
together with the rarity of intermediate (odd-ploidy) cytotypes in
O. obtusa, suggests limited inter-ploidy gene ﬂow and the evolutionof efﬁcient reproductive barriers. Reproductive isolation is at least
partly achieved by a combination of spatio-ecological segregation of dif-
ferent cytotypes caused by shifts in their ecological optima and cytotype
clumping due to vegetative reproduction (i.e. environmentally-
independent processes). Our study thus provides additional support
for non-random pattern of cytotype distribution in the zones of ploidy
contact, which limits inter-ploidy pollen ﬂow and contributes to the
long-term maintenance of cytotype mixtures.Acknowledgments
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